Abstract: As a new technology for next-generation vehicle-to-everything (V2X) communication, visible-light communication (VLC) using light-emitting diode (LED) transmitters and camera receivers has been energetically studied. Toward the future in which vehicles are connected anytime and anywhere by optical signals, the cutting-edge camera receiver employing a special CMOS image sensor, i.e., the optical communication image sensor (OCI), has been prototyped, and an optical V2V communication system applying this OCI-based camera receiver has already demonstrated 10-Mb/s optical signal transmission between real vehicles during outside driving. In this paper, to reach a transmission performance of 54 Mb/s, which is standardized as the maximum data rate in IEEE 802.11p for V2X communication, a more advanced OCI-based automotive VLC system is described. By introducing optical orthogonal frequency-division multiplexing (optical-OFDM), the new system achieves a more than fivefold higher data rate. Additionally, the frequency response characteristics and circuit noise of the OCI are closely analyzed and taken into account in the signal design. Furthermore, the forward-current limitation of an actual LED is also considered for long operational reliability, i.e., the LED is not operated in overdrive. Bit-error-rate experiments verify a system performance of 45 Mb/s without bit errors and 55 Mb/s with BER G 10 À5 .
Introduction
Triggered by Google's driverless car, vehicle automation technology has become a hot topic and is being developed worldwide in a rush for an initial launch in the 2020s [1] . Such autonomous vehicles must support autonomous acceleration, steering, and braking. According to the U.S. Department of Transportation (DoT) definition, an autonomous vehicle operates in isolation from other vehicles by using internal sensors [2] . Google's driverless car falls in this category. However, connected or cooperative vehicles exchange sensor information by using vehicle-to-vehicle (V2V) communication and infrastructure-to-vehicle (I2V) communication [3] . Nevertheless, future cars will have the capacity of autonomous and connected vehicles [2] .
Vehicle automation systems rely on various advanced sensing devices and systems. Because precision ranging is a key issue for vehicle automation, the ranging performance of mmwave radar, light detection and ranging (LIDAR) [4] , [5] , and stereo camera systems, to cite a few examples, are being improved at a rapid rate. Such cameras are used not only for ranging but also for several automotive applications based on image-processing technologies [6] , [7] . The significantly high spatial resolution offered by image sensors in these cameras is invaluable for a precise perception of the road environment. The camera, i.e., an image sensor, forms the backbone of the system to implement the major safety applications, such as pedestrian detection and lane detection. It is already becoming an indispensable device; even more image sensors will continuously be installed per a vehicle.
A notable feature of image sensors is that they can receive visible light communication (VLC) signals [8] - [15] . For example, an image sensor can receive data transmitted from LED traffic light, LED signage, LED headlights, LED tail lights, etc. An LED traffic light transmits its signal phase and timing along with additional safety information to cars by blinking its LEDs at a fast rate. LED tail lights and LED headlights, to cite a few examples, can also broadcast internal vehicle information, such as latitude, longitude, and speed, to nearby cars and roadside stations. Since image sensors can detect the position of objects, all these transmission data and their positions are obtained simultaneously. Additionally, image sensors can spatially separate objects, as shown in Fig. 1 . This ability enables the receiver to discard noise sources, such as the Sun, streetlights, and other lighting sources, and focus only on the pixels to which the LED light strikes. Therefore, a high signal-to-noise ratio (SNR) can be achieved even in outdoor environments [9] . Moreover, the communication performance of VLC systems based on image sensor receivers remains stable as communication distance increases [9] . The incident light power per a pixel remains unchanged as long as the projected image of the LED transmitter occupies several pixels. Thus, the SNR is independent of distance. From above, image-sensor-based VLC systems offer unique features: position detection of the LED transmitter, high SNR due to the ability of spatial separation, and stable performance as communication distance increases.
To an image sensor receiver, automotive VLC applications give severe hurdles that must be overcome: achieving a high data rate, high dynamic range, and accurate and fast LED Fig. 1 . Spatial separation of multiple sources by an image sensor. The image sensor receiver for the VLC system can discard noise sources such as the Sun and focus only on the pixels that sense desirable sources (i.e., LED transmitters).
detection. To receive the various internal vehicle data and large-size multimedia data (e.g., image and video data), the receiver must offer Mbps-class optical-signal reception performance. Furthermore, because outdoor lighting is uncontrolled and has a high intensity, a high dynamic range is required of photodetectors (i.e., pixels) in the receiver to prevent signal outputs from being saturated by strong lights. Moreover, the receiver must find quickly and correctly LED transmitters in complicated scene images at a low computational cost. In previous technologies, including nonautomotive VLCs [10] , [11] , [13] , [15] , there are two types of receivers using highspeed (high-frame-rate) image sensors and special image sensors that is developed for optical wireless communications. However, none of these earlier receivers fulfill all the requirements mentioned above.
To realize an automotive VLC system, we have already developed an optical communication image sensor (OCI) [16] that satisfies all requirements, and it is fabricated with existing 0.18-m CMOS (complementary metal-oxide semiconductor) technology to keep costs low. The remarkable feature of this OCI is that its pixel array is composed of two types of pixels: communication pixels (CPx) for receiving high-speed optical signals and image pixels (IPx) for obtaining scene images. With a logarithmic response, CPxs provide a substantially improved response to light-intensity variations, so our optical V2V system using the OCI has achieved 10-Mbps Manchester-coded opticalsignal reception in an outdoor environment without signal saturation [17] . Moreover, the OCI has an output function of "1-bit flag image" which only reacts to high-light-intensity objects, such as LEDs [16] . The flag image, in which no unnecessary objects exist, facilitates quick and accurate LED detection, and the optical V2V system has successfully demonstrated real-time LED detection in outdoor driving [17] . Note that the "1-bit flag" detection method uses no feature of the modulated signal [16] . Fig. 2 shows the entire operation of the OCI-based V2V system we developed [17] . First, the OCI outputs a conventional gray image and the 1-bit flag image. Based on the flag image, the LED regions are detected and the CPx corresponding to the central coordinates of the LED regions is selected. Finally, the optical signal received by the selected CPx is outputted from the camera receiver. This operation is repeated continuously, and therefore, both high-speed optical-signal reception and satisfactory LED-transmitter detection are achieved. We expect that the OCI will pave the way for the development of automotive VLC systems.
In this paper, we propose a more advanced automotive VLC system based on the OCI. We adopt optical orthogonal frequency division multiplexing (optical-OFDM) and achieve 55 Mbps VLC signal transmission. The frequency-response characteristics and circuit noise of the OCI are taken into account in the design of the optical-OFDM. Furthermore, the forward-current limitation of an actual LED is also considered for practical industrial production; that is, in terms of long-term reliability. For example, the maximum instantaneous current is restricted by the maximum rating of the pulse-forwarding current given on the manufacture's data sheet according to [18] . Moreover, the average forward current is set to the rated current to account for the primary role of LEDs as a lighting source.
Note that data rate of 55 Mbps is faster than the currently available rate for V2V and I2V communication systems, known as dedicated short-range communication (DSRC). For example, in Europe, the DSRC standard uses a 10 MHz bandwidth at 5.795-5.805 GHz and achieves 500 kbps (downlink) and 250 kbps (uplink) [19] . In Japan, the DSRC standard is called ARIB STD-T75, uses a 5 MHz bandwidth at 5.770-5.850 GHz, and achieves 4 Mbps [19] , [20] . The new 700 MHz band communication standard for ITS is also standardized by ARIB STD-T109 and its maximum data rate is 18 Mbps with a 10 MHz bandwidth [21] . DSRC is based on the IEEE 802.11p standard, and its maximum data rate is 27 Mbps with a 10 MHz bandwidth, and it optionally supports 54 Mbps with a 20 MHz bandwidth [19] , [22] . Thus, the communication performance of the OCI-based VLC system is equivalent to the DSRC standards. This paper is organized as follows: The OCI-based optical-OFDM system is detailed in Section 2. Section 3 presents a selection of optical-OFDM signal processing parameters. Section 4 provides experimental results and discussion, and Section 5 concludes.
OCI-Based Optical-OFDM System Model
Optical-OFDM is a promising modulation scheme for achieving high-data-rate VLC systems [23] , [24] . In conventional OFDM, which is commonly used in wireless radio systems, the transmission signals are bipolar and complex. However, optical signals must be real and nonnegative. Therefore, conventional OFDM is modified to optical-OFDM to generate real, nonnegative signals. Fig. 3 shows a general system model of an OCI-based optical-OFDM. The information bits are first encoded by forward error correction (FEC) techniques such as convolution code. Encoded information bits are then interleaved and converted from serial to parallel (S/P). A block of complex symbols are drawn from multilevel quadrature amplitude modulation (M-QAM) and assigned to each subcarrier component, resulting in a block of data symbols denoted by X ¼ ½X 0 ; X 1 ; X 2 ; . . . ; X NÀ2 ; X NÀ1 , where N is the number of subcarriers, and X satisfies
where the asterisk denotes complex conjugation, and the DC components X 0 and X N=2 are set to zero (i.e., X 0 ¼ X N=2 ¼ 0). Note that the number of unique data-carrying subcarriers is ðN=2Þ À 1. Because of the structure of X, the output signal x of the inverse fast Fourier transform (IFFT) is real and not complex. The real signal is added by cyclic prefix (CP) and converted from parallel to serial (P/S). Following digital to analog (D/A) conversion and lowpass filtering, the resulting time-domain signal x ðtÞ is used to modulate the intensity of a LED. However, the bipolar signal x ðt Þ must be converted to unipolar. Based on the bipolarunipolar conversion process, several optical-OFDM schemes have been reported [25] , [26] . In the present work, we use the major optical-OFDM scheme of DC-biased optical-OFDM (DCO-OFDM).
DCO-OFDM
In the DCO-OFDM scheme, the unipolar time-domain signal is converted from bipolar signal by a DC bias. The k th time-domain sample of x , x k is given by
where X m is the mth subcarrier component of X. Signal x is then P/S and D/A converted, resulting in x ðt Þ, which, for a large number of subcarriers, can be modeled as a Gaussian random variable with a zero mean and variance 2 ¼ E fx ðt Þ 2 g. Next, a suitable DC bias is added to x ðt Þ and any remaining negative components are clipped at zero to generate a unipolar signal. Because OFDM signals have a high peak-to-average power ratio (PAPR), a large bias is required to eliminate negative components completely; however, a large bias leads to a significant degradation of the optical power efficiency. Therefore, a moderate bias is normally used and the remaining negative components are clipped, resulting in clipping noise [26] . B DC denotes the DC bias level and is set relative to the standard deviation of x ðt Þ
where is a proportionality constant. Any negative component that remains after the addition of B DC is clipped at zero. In addition, upper peaks at 2B DC are also clipped to eliminate overly large signal components, resulting in the signal x DCO ðt Þ. In other words, x DCO ðt Þ satisfies 0 x DCO ðt Þ 2B DC :
Next, x DCO ðt Þ is inputted into an optical modulator and transmitted as an optical signal. At the receiver, a received optical signal is first converted to an electrical signal by using the photodiode in the selected communication pixel of the OCI. Processing after this point is the same as for a conventional OFDM receiver. Following S/P conversion, the FFT output signal is equalized in the frequency domain. Channel-equalizing factors are obtained by averaging the training symbols for each subcarrier that are transmitted prior to the data-carrying symbols. The equalized symbols are demodulated and de-interleaved. Finally, the received bits are decoded by the Viterbi soft-decision algorithm (the transmitter is assumed to be equipped with a convolutional encoder).
Note that DCO-OFDM signal processing involves several parameters, such as the modulation scheme of each subcarrier, the proportionality constant , the amplitude of the transmission signal x DCO ðt Þ, and the signal bandwidth. During signal design, it is important to consider the actual characteristics of the reception device being used (i.e., the OCI). In the following sections, the actual frequency response and internal noise characteristics of the OCI receiver are described. Fig. 4 shows the results of frequency-response measurements of the CPx. The vertical axis corresponds to the frequency response in dB, according to responses to a 100 kHz component.
Frequency-Response Characteristics of OCI
The desirable frequency response is, of course, flat. However, the CPx suffers from loss in signals with high-frequency components since the CPx has employed the logarithmic response structure to enlarge the dynamic range.
Results show that the frequency response continuously declines as the frequency increases. If the signal bandwidth is 10 MHz, the loss in higher frequency components reaches −17 dB; if the signal bandwidth is 30 MHz, the loss in higher frequency components reaches −35 dB. From these results, increasing signal bandwidth to achieve higher data rates would be difficult, and therefore, appropriate selection of the bandwidth is important to obtain the desired communication performance.
Circuit-Noise Characteristics
In addition to the high-frequency-attenuation characteristics, the noise generated from the OCI circuits also affects the communication performance. Because the image-sensor-based VLC system has a capacity for spatial separation of multiple sources, ambient and reflected lights are not dominant noise sources relative to circuit noise. In particular, the circuit noise has a specific property that is due to the OCI structure. Fig. 5 shows the noise spectrum measured for an OCI receiver. This noise spectrum is from the received signal output and is analyzed when the LED-detection function of the OCI receiver . Measured frequency response of the CPx. The CPx has a high dynamic range by the logarithmic response structure to be used in outdoor lighting environments. By this response characteristic, the frequency response of the OCI is not flat, but it continuously decreases as the frequency increases [16] .
is active. Fig. 5 reveals a particularly large narrowband noise at 12 MHz, which arises because the image-obtaining circuits for LED detection are being located around the pixel arrays of the OCI. The clock frequency of the circuits is 12 MHz, and the clock pulses propagate to the received signal. Thus, this noise is unavoidable if the image-obtaining circuits are active for LED detection. Furthermore, Fig. 5 also shows a relatively large noise in the low-frequency region (several MHz). Besides the frequency response, these noise characteristics lead to the different SNRs for each subcarrier in a multicarrier modulated signal (i.e., optical-OFDM signals).
Optimization of Signal-Processing Parameters Considering Characteristics of LEDs and OCI
To achieve higher data rates, we must consider the channel characteristics when setting the parameters for a signal-processing scheme, i.e., the characteristics of the LED transmitter and the OCI receiver. In this section we thus first determine the forward-voltage range of the LED transmitter by considering the practical limitations specified by the LED data sheet. Second, we select the proportionality constant and signal bandwidth based on the channel capacity calculated from the estimated SNR of each subcarrier. Finally, we apply simple bit loading for the DCO-OFDM. Bit loading allocates data so that the throughput of each subcarrier is maximized and matches the channel characteristics. In the OCI-based DCO-OFDM system, the high-frequency attenuation and non-white circuit noise limit the available bandwidth and the different SNRs of each subcarrier. Thus, the adaptation of bit loading is expected to provide effective data transmission and improve performance.
Forward-Current Limitation Based on Actual LED
In the transmission of the above-mentioned DCO-OFDM signal x DCO ðt Þ, the range of forward current through the LED transmitter is directly linked to the radiated optical-signal amplitude. Therefore, the current range should be set as large as possible to ensure a high SNR.
However, the forward current has several limitations from a practical point of view. First, the maximum instantaneous current is necessarily restricted as per the specifications of the LED to ensure that the LED chip does not overheat. The current value is generally defined as the absolute maximum rating of the pulse-forwarding current given on the manufacturer's data sheet. Second, since each LED has a minimum threshold known as the turn-on voltage (TOV), which corresponds to the onset of current flow and light emission, the minimum forward voltage is also determined automatically. Finally, the average forward current of the LED, which is DC, should be set to the rated current because a primary role of the LED is as a light source in the automotive field. Note that these conditions about forward current correspond to the forward voltage through the LED, such as minimum, average, and maximum forward voltage.
In the work, a red LED (UR5366X, Stanley Electric Co. Ltd.) is used as an optical transmitter. According to the specifications, the absolute maximum rating of the pulse-forwarding current is 100 mA, and the rated current is 20 mA. Additionally, Fig. 6 shows the relationship measured between the forward voltage V F through the LED and the forward current I F . Fig. 6 shows that the TOV is about 1.72 V, the voltage corresponding to 20 mA is about 2.08 V, and the voltage corresponding to 100 mA is about 2.7 V. Thus, the amplitude of x DCO ðt Þ complies with the practical limitations defined as follows: first, the average voltage is set to correspond to the rated current, 2.08 V; second, any minimum or maximum peaks of the signal must not exceed the TOV and the maximum allowed voltages of 1.72 V and 2.7 V, respectively.
As mentioned above, maximizing the amplitude of the x DCO ðt Þ under these conditions is desirable for high SNR. Because the mean of x DCO ðt Þ equals the added DC-bias level and the waveform is symmetrically clipped, the peak-to-peak voltage V pÀp of x DCO ðt Þ is 2ð2:08 À 1:72Þ ¼ 0:72 V, as shown in Fig. 6 . Although the LED can tolerate the higher voltage, V pÀp is determined by the TOV for the V-I characteristic of this LED. Fig. 6 shows some nonlinearity in the low-forward-voltage region, near the TOV. The signal x DCO ðtÞ can be modeled as a Gaussian random variable, in which case, its major components concentrate the voltage near the DC bias point of 2.08 V. Thus, although the nonlinearity of the LED would lead to performance degradation, the effect is not significant.
We, however, note that LED nonlinearity would have significant impact on the performance of DCO-OFDM, especially for high modulation orders [27] . Also, the OFDM generally suffers from high PAPR. As discussed in Section 2.1, the selection of the DC bias level is the key parameter to reduce the effect of LED nonlinearity and PAPR while the adaptation of a high order modulation depends on the channel capacity. In the following subsection, we discuss the selection of the DC bias level and the channel capacity of our DCO-OFDM considering the signal bandwidth of the OCI, as described in Section 2.2.
Selection of and Signal Bandwidth Based on Channel Capacity
We investigate the two parameters for DCO-OFDM signal processing that are based on the channel capacity: and signal bandwidth. In this work, we calculated the channel capacity by estimating the measured SNR from the concept of error vector magnitude (EVM) [28] , which is a measure of errors between the ideal symbols and measured symbols normalized by the magnitude of the ideal symbol.
If the normalized ideal and measured symbols are denoted by S i and S m , respectively, then the estimated SNR is given by
where e is the error. In general, the EVM is defined as the average value of the results for a number of symbols. The total channel capacity C is given by
where N is the number of subcarriers and C k is the channel capacity of a certain subcarrier. We average SNR est from 1000 symbols for each subcarrier and then calculate C k and C. Notice that the communication performance, or, equivalently, the received SNR, of the OCI-based VLC system is stable against communication distance, as long as the image sensor can resolve the light source to within a few pixels [9] . Additionally, the image sensor receiver can discard noise sources by applying its spatialseparation ability. Therefore, the estimated and averaged SNRs from the EVM are almost From the specifications, the absolute maximum rating of the pulse forwarding current is 100 mA, and the rated current is 20 mA. The voltages corresponding to the currents of 100 and 20 mA are 2.08 and 2.7 V, respectively, and the turn-on voltage is 1.72 V. According to these voltages, the signal amplitude is set to 0.72 V pÀp .
constant and signal-processing parameters can be optimized based on the SNR in practical mobile environments.
To compare channel capacities with the different parameters, we conducted preliminary experiments to estimate the SNR of each subcarrier for multiple values of and the signal bandwidth. Note that the transmission power is allocated so that all subcarriers have the same power in the experiments, which guarantees the Gaussian-approximation capability for the signal x DCO ðt Þ and a uniform effect of signal clipping on each subcarrier. Additionally, the signal amplitudes are set to 0.72 V pÀp as per the previous discussion. Table 1 shows the results of the measured channel capacity C for multilevel proportionality constant and signal bandwidth. Note that C is in units of Mbps. In the measurements, the number of subcarriers is fixed and set at 52. Therefore, the subcarrier interval, or equivalently the bandwidth of each subcarrier, increases in proportion to the signal bandwidth. The signal bandwidths are set to several values ranging from 12.8 to 40 MHz. When the bandwidth is 12.8 MHz, the component of the highest-frequency subcarrier is attenuated by about 20 dB, as shown in Fig. 4 . If the bandwidth is 40 MHz, the attenuation of the component exceeds 40 dB. Table 1 shows that the capacities differ drastically for different signal bandwidths and basically increase with increasing signal bandwidths. However, almost no differences exist between a signal bandwidth of 32 MHz and that of 40 MHz, which implies that high-frequency subcarriers whose central frequency exceeds 32 MHz contribute little to the total capacity. For instance, the estimated SNR of each subcarrier with ¼ 3 and signal bandwidth = 40 MHz is shown in Fig. 7 . The SNR of high-frequency subcarriers, especially subcarriers 45-52, are low, and modulating the high-frequency subcarriers would be impractical. The central frequency of subcarrier 45 is 34 MHz. Thus, the practical signal bandwidth should be around 30 MHz or at most 34 MHz. Thus, 32 MHz is the most appropriate value within the measured bandwidths and is therefore used in following experiments.
Additionally, is set to 2.5, 2.75, 3, 3.25, and 3.5 in the experiments. If is too small, the effect of clipping the waveform is significant and degrades the capacity. In contrast, an excessively large leads to optical signals with a lower amplitude compared with V pÀp and degrades the SNR of each subcarrier or, equivalently, the total capacity. The appropriate value must be selected. Although the optimal DC-bias of DCO-OFDM that corresponds to is already mentioned in [25] , it has not been sufficiently studied for the case in which the modulation schemes differ for each subcarrier and in which the LED has nonlinear I-V characteristics. From Table 1, for a signal bandwidth of 32 MHz, ¼ 3 is the best choice and is thus used in the following experiments.
Applying Simple Bit Loading for DCO-OFDM
When the subcarriers of the DCO-OFDM signal are modulated by M-QAM, the constellation order M can differ from that of the other subcarriers. According to the bit-loading technique, data bits corresponding to the constellation order M can be adaptively allocated to each subcarrier based on their SNR to suit the channel characteristics.
In this work, we apply the very simple bit-loading algorithm [29] . The purpose of the algorithm is to allocate bits into the subcarriers to minimize the average bit error rate (BER) and thereby guarantee the target bit rate or, equivalently, the target number of bits per OFDM symbol. Many reported bit-loading algorithms optimize not only bit assignment to subcarriers but also power allocation. However, power allocation for each subcarrier is fixed in this work because, if allocated power varies significantly for each subcarrier, the discussion above of selecting appropriate values of and the signal bandwidth would have no meaning. Thus, in this work, for the sake of simplicity, we only optimize bit assignment to subcarriers.
In the adopted algorithm, the number of bits per symbol of each subcarrier is assumed to range from 1 to 8, such as binary phase-shift keying 4-QAM, 8-QAM, 16-QAM,. . ., and 256-QAM. Additionally, the BERs of BPSK and M-QAM in AWGN channel for a certain SNR can be calculated from the closed-form expression given in [30] and [31] .
The outline of the algorithm is as follows: First, the largest constellation order within the assumed modulation schemes, in this case 256-QAM, is applied as an initial set for each subcarrier. Second, an average BER is calculated for the case in which the number of assigned bits for a certain selected subcarrier is reduced by 1 bit. For example, the constellation order of the first subcarrier is reduced to 128-QAM, and those of the other subcarriers remain in 256-QAM and the average BER is calculated. The BER is calculated for all subcarriers (i.e., the case in which the second subcarrier is modulated by 128-QAM, and the other subcarriers are modulated by 256-QAM, and so on), and then, the subcarrier corresponding to the smallest average BER in the former calculation is determined. Next, the number of assigned bits for the chosen subcarrier is reduced by 1 bit and the bit assignment is updated. The average BER is calculated, the bits assigned to the subcarriers are reduced, and this process is repeated as long as the bitrate corresponding to the updated bit assignment exceeds the target bitrate.
Note that, if the target throughput is 50 Mbps and convolutional coding with rate 1/2 is applied, the target bit rate of the bit-loading algorithm should be set to 100 Mbps. Equivalently, considering the code rate, the target number of bits per OFDM symbol should be doubled. Additionally, In OFDM systems we must consider the degradation of the transmission efficiency because of the added training symbols and CP. Fig. 8 shows the estimated SNR of each subcarrier with ¼ 3 and a signal bandwidth of 32 MHz. In addition to the effect of high-frequency attenuation of the OCI, the effect of the internal noise of the OCI is also shown in Fig. 8 . For example, the SNRs of low-frequency subcarriers (i.e., subcarriers 1-3) are less than that of the subcarrier 5 because of the low-frequency-noise component from the OCI internal circuits. The SNR of the subcarrier 20 with a central frequency of 12.2 MHz is also slightly less than that of the adjacent subcarriers because of the effect of the large narrowband noise at 12 MHz.
As an example of bit loading, Fig. 9 shows the number of allocated bits per symbol of each subcarrier when the target number of bits/OFDM symbol is set to 207. The allocated bits per symbol for subcarriers range from 1 to 6. Note that the bits allocated to a certain subcarrier that has a very low SNR could be zero when the target number of bits per OFDM symbol is small. In this case, the subcarrier should not be allocated any bits, and therefore, the effective signal bandwidth decreases. Note that once the bit loading is determined, we fix the allocated bits per symbol of each subcarrier.
Experimental Results

System Setup for Optical-OFDM Using OCI
To evaluate the performance of OCI-based optical-OFDM system discussed in the previous section, we conducted data-transmission experiments. Fig. 10 shows a LED transmitter and the camera receiver containing the OCI. The experimental setup (a LED transmitter and a camera receiver containing the OCI) is shown in Fig. 11 . Signal x DCO ðt Þ modulates the LED and is transmitted through free space by optical signals. The distance between the transmitter and receiver is 1.5 m, and these are fixed in space. Although the experiments are conducted in the fixed conditions, the LED detection circuits of the OCI are active, as is the case in practical use. The signal waveform received is first amplified and then stored digitally in the oscilloscope after low-pass filtering. The decoding process is done offline.
Note that the communication performance of the image-sensor-based VLC system is independent of communication distance [9] . Additionally, The OCI-based camera receiver has demonstrated accurate and quick LED detection under outdoor mobile environments. Thus, although the experiments involve a short distance and fixed conditions, the results are expected to apply to actual outdoor mobile environments. Tables 2 and 3 list the specifications of the LED transmitter and the settings of the camera receiver.
Parameters of Optical-OFDM
The parameters of the optical-OFDM and FEC coding are listed in Tables 4 and 5 , respectively. The number of FFT points is 128 and the CP length is 8. The number N of all subcarriers is set to 106. However, the number of subcarriers that can be modulated by unique data symbols decreases to 52 because of the Hermitian symmetry structure and unmodulated DC subcarriers. The number of data symbols and training symbols in a frame are 4 and 24, respectively. The number of data subcarrier is 52 and the interval of training symbols that The signal bandwidth is set to about 32 MHz and the subcarrier interval is set to almost 610.0 kHz. According to the added CP length, the length of the each OFDM symbol is ð128 þ 8Þ=ð128 Â 610:0 kHzÞ ffi 1:742 s, and therefore, the interval between all OFDM symbols per frame is ð24 þ 4Þ Â 1:742 ffi 48:74 s. The time between two successive frames is set to 0.8 s, and therefore, the resulting the frame interval is 48:74 þ 0:8 ¼ 49:54 s.
The modulation schemes (constellation orders) of each subcarrier are determined based on the target number of bits per OFDM symbol, as discussed in the previous section. Note that this number depends on the target throughput, convolutional coding rate, and frame interval. If the target throughput is 55 Mbps with a convolutional code rate of 1/2, the required bit rate is 110 Mbps and the required number of bits per frame is 110 Mbps Â 49:54 s ¼ 5449:4 bits. In this case, the number of bits per OFDM symbol must be at least 5449.4/24 ffi 227.1 bits. Because the number of bits must be an integer, 228 bits are required. According to the required number of bits, the subcarrier modulation schemes are determined based on the bit-loading algorithm. Table 6 shows the results of BER measurements. For 45 Mbps with code rates 3/4 and 1/2, the results are error free. For 50 and 55 Mbps, a BER of 10 −6 order is obtained.
BER Measurement Results
In [20] , the required communication performance for automotive applications is BER G 10 À5 . In this case, the data rate of 55 Mbps per pixel is practical for OCI-based VLC systems and the system exceeds the currently available V2I and V2I communication standards [20] - [22] in terms of data rates. We emphasize that the communication performance of the OCI-based VLC system is stable as communication distance increases and under movement of the LED transmitter and/or the OCI-based receiver. Thus, we expected to obtain a 55 Mbps data rate in actual outdoor mobile environments. As shown in Fig. 10(a) , we use 4 Â 5 LED array transmitter, and each LED transmits the same optical-OFDM signal. Therefore, we may expect that at least one LED can be clearly seen at the image sensor even on a rough road. In other words, if the light source is within field-ofview (FOV), then it is possible to receive signal. However, as the extreme case of a very bumpy road that the light source goes out of FOV, the image sensor receiver can not resolve the VLC signal.
Conclusion
In this paper, we proposed a new automotive VLC system based on the OCI and that applies DCO-OFDM to achieve more flexible and effective signal transmission. For higher data rates, we consider the characteristics of the LED and OCI to select the appropriate parameter values for signal processing.
First, we investigated the forward current of the LED. Although increasing the range of the LED forward current to the extent possible is desirable to ensure a high SNR, the range is restricted by practical considerations. Based on the specifications of the LEDs, the minimum and maximum tolerable currents are determined. In addition, the average forward current is set to the rated current so that the LED may serve its primary role, as a light source.
Next, we selected the parameter values such as the proportionality constant and signal bandwidth based on the channel capacity, which we calculated from the estimated SNRs of each subcarrier. If is too small, clipping the waveform significantly degrades the capacity. In contrast, an excessively large lowers the amplitude of optical signals with respect to the forwardvoltage range of the LED; this causes the decay of the SNR of each subcarrier or, equivalently, the total capacity. Furthermore, increasing the bandwidth is effective for increasing the capacity; however, the high-frequency attenuation of the OCI limits the available bandwidth. The estimation of the SNR and capacity calculation should target ¼ 3 and a signal bandwidth of approximately 30 MHz.
Finally, we applied bit-loading for DCO-OFDM. Bit loading allocates data so that the throughput of each subcarrier is maximized to suit the channel characteristics. The bit-loading algorithm is applied that allocates bits into the subcarriers to minimize the average BER and guarantees the target bit rate. The data-transmission experiment demonstrated that the OCI-based DCO-OFDM system achieves a data rate of 45 Mbps without bit errors and 55 Mbps with a BER G 10 À5 . This result is five-fold greater than that obtained with our previous system; the proposed system exceeds the automotive communication standards based on radio frequencies, such as the IEEE 802.11p standard, in terms of the data rates.
